A model for stratified gas-liquid turbulent flow in ducts of arbitrary cross-section J. M. Fitremann Abstract. 2014 We propose a theory to calculate the pressure gradient and the liquid fraction in two-phase gasliquid fully developed stratified flow in a cylindrical duct of arbitrary cross-section and slope and its application to near horizontal ducts.
Its validity is limited to Reynolds numbers high enough to ensure turbulent flow in both phases. Droplet entrainment or bubble inclusion have not been taken into account. The comparison between calculations and experimental values obtained with air and water in circular and rectangular ducts is very satisfactory.
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We have thus attempted to describe rationally the main features of high Reynolds number co-current stratified flow using two-phase and turbulent flow concepts as described in the following sections.
The (Fortier [10] ). The interaction region will be idealized as follows : -The wavy interface is replaced by a fictitious steady boundary, the position of which is well defined by the gas-liquid interaction properties and will be called the mean interface.
The gas flow above the mean interface is simulated by a wall turbulent shear flow over an axially moving rough boundary.
-
The mean interface is assumed to be a free surface for the liquid turbulent flow. Actually, the liquid flow can be resolved into two components : one, the bulk flow mainly influenced by the wall stress ; the other, the drift flow mainly influenced by the interfacial stress. However, for the application we have in mind i.e. co-current flow, the experiments [16] show that the contribution of the excess velocity in the drift current region to the total flow rate is small enough to be neglected (Fig. 1) . Thus, the results derived here can not be applied to countercurrent flow without further refinements. Owing to the lack of circular symmetry of the flow in both phases, secondary flow and variation of shear stress along Wall bounded she,ar flow properties at high Reynolds number such as described in Hinze [11] , Tennekes and Lumley [12] for single phase flow in pipes and channels are however assumed to be relevant, secondary flows being taken into account only through shear stress variation with the transverse coordinates.
Two-phase theorems as derived by Ishii [13] , Fitremann [14] , Delhaye and Achard [15] are used in their time and cross-section average form. To avoid unnecessary complication of the symbols, only time averaged quantities will be used. The proper definitions of the symbols used are given in detail in the appendix and nomenclature section.
Following the above guidelines, we get some simplification of the phase-interaction process, viz. : -The exchange of mass through chemical reaction and entrainment of bubbles or droplets is neglected.
The exchange of momentum between the gas and the liquid is obtained i) through continuity of the normal stress at the mean interface ii) through continuity of the tangential stress at the mean interface. However, strong liquid ~ gas interaction occurs through the wave mechanism modelled here by a rough gas-liquid boundary, and weaker gaz liquid interaction owing to the neglect of the contribution of the excess velocity in the drift current zone to the total liquid flow rate.
By a standard procedure in fully developed flow [11, 12] , it is found that the sum of the hydrostatic pressure and a combination of the normal turbulent stresses is constant in a plane normal to the, flow direction and thus the streamwise pressure gradient component is the same for any reference point chosen in the cross section owing to the continuity of the normal stress across the interface (2 The streamwise momentum balance equations for each phase reads where p is the mean pressure at any reference point in the cross-section, PL, PG, Pi are the liquid-wall, gaswall and gas-liquid interface perimeters respectively and iL, TG, Ti the corresponding shear stress along these boundaries, the signs of which have been chosen so that they are positive in co-current flow with the higher velocity on the gas side when no flow reversal occurs along the duct wall.
By eliminating the pressure gradient between (3) and (4), the balance equation is obtained. Phenomenological relations for Ti, TG, iL and the mean interface profile are necessary to close the system. a is then readily obtained from equation (5) and the pressure gradient can then be calculated from (3) or (4).
The central idea in our model consists in the distinction of three regions in the cross-section : one is the liquid filled region ; the two others are in the gas phase, one where the flow is essentially influenced by the wall, the other where the flow is essentially influenced by the wavy interface (Fig. 1) [10, 11] . The higher the Reynolds number, the smaller the error. This technique is preferred to the integration of the inner law right to the maximum velocity location which leads to greater errors (Fig. 2) [16] , Tsacoyannis [17] , Gayral [18] .
Scaling the wall stress and the interfacial stress independently improves the accuracy of their evaluation, as can be expected from the work of Laufer [19] . Single scaling models, such as [6] and [9] [10] , Coles [20] ). The identity of (25) and (32) [24] , Phillips [25] , Theofanous [26] Lilleleht [27] , Larson and Wright [28] , Suzanne [16] , Moeck and Stachiewicz [29] ) have proposed expressions for eo, they are far from falling into agreement. At this stage of analysis, it is then better to take eo as a free parameter to be evaluated from experiments, with the exception of one set of data giving both the values of eo and pressure gradient so that direct comparison can be made [16] . It [29] . 6 . Comparison with experiments and discussion. - The above described model has been tested by comparison with two sets of data. One is given by Suzanne [16] and was obtained in a rectangular channel of crosssection 0.1 x 0.2 m2 with a downward slope of 0.08 %. The other is given by Crouzier [9] for a circular duct of I.D. 0.045 m and upward slopes of 0 %, 2 % and 5 %. Both authors used air and water at atmospheric pressure. The first author measured velocity profiles in both phases and deduced the equivalent sandroughness of the interface from gas anemometry. Both authors give pressure drop and liquid fraction in the well developed flow sections of the channels.
In [6] and [9] . Also, most of the evaluations of the second constant are made using this value and it should be kept for the sake of coherency. Owing to the lack of measured values of the Ci and Di, i = 0, 1, 2 functions in stratified flow, we have been guided by single phase values in our choice for the comparison test.
Fortier [10] gives D = 4.44 for a circular duct, a value very close to that of Laufer [30] diminishes as the gas rate is increased so that one effect compensates the other. The results are thus coherent with the usually observed increase of the gas-liquid friction with gas velocity and liquid fraction (Moeck and Stachiewicz [29] , Crouzier [9] , Wallis [32] However, in situations where the momentum transfer is similar to that of the already cited experiments, a modified Charnock law [22] seems to give satisfying results. This is shown in figures lla and llb for near horizontal flow with the value k = 1 taken as a tentative closure assumption.
The validity of (35) is probably fortuitous and it should be used with caution until more experimental evidence can be gained. Appendix. - The time averaged form of the phase mass and X-wise momentum conservation theorems are used throughout the text using the simplified notation described below. It is also understood that the mass averaged velocity is used instead of the time averaged one, so that density fluctuations are automatically included in the definitions [13, 33] .
The mass conservation theorem [14] 
